Zeolitic imidazolate frameworks (ZIF-8) have promising applications as sensors or catalysts due to their highly porous crystalline structures. While most of the previous studies are based on ZIF-8 crystals either in isolated particles in aqueous environments or in a compact colloidal form, here we report a facile route to achieve wafer-based isolated ZIF-8 nanocrystals. The fabrication includes the growth of compact zinc oxide film by atomic layer deposition, the dispersion of gold nanoparticles as inhibitors, and followed by crystallization transformation. By adjusting the concentration of gold nanoparticles, the density of ZIF-8 nanocrystals can be controlled and the sizes of individual ZIF-8 crystals can be scaled down to ~100 nm. We also observe a wide range of structural colors generated by the ZIF-8 nanocrystals, which can be attributed to the size-dependent resonant scattering as verified by finite-difference time-domain simulations and classical Mie theory. The scalable fabrication of wafer-based ZIF-8 nanocrystals empowered with tunable optical properties paves a new way to explore the promising applications in nanophotonics and bionanotechnology.
Introduction
Metal-organic frameworks (MOFs) have been widely studied in recent years due to their unique structures and applications in environment and energy. As a typical MOF, zeolitic imidazolate framework-8 (ZIF-8) possesses three dimensional zeolite crystal structure which is constructed by bridging zinc ions with methylimidazolate (MeIm) ligands. Compared with other ZIF structures, ZIF-8 crystals show large cavity size (11.6 Å), small connecting apertures (3.4 Å), and high thermal/chemical stability, endowing them outperform other MOF structures in a wide range of applications, including heterocatalysis, [1, 2] low-κ dielectrics microelectronic devices [3] and gas adsorption. [4] The crystallization of ZIF-8 requires both zinc ion sources and imidazolate linkers.
Traditional bulk synthesis methods have been well studied and established. [5] [6] [7] [8] [9] In the synthesis, soluble zinc salts (Zn(NO3)2, ZnSO4, ZnCl2, etc) are used to provide zinc ions.
Nevertheless, the yielded powder-like ZIF-8 crystals are difficult to be integrated into microor nano-electro-mechanical systems (MEMS or NEMS), where a mechanically robust structure is preferred. Recent studies show that solid-state ZnO nanostructures (nanoparticles, nanowires, or nanofilms) can also be used as zinc ion sources to direct the growth of ZIF-8 crystals, which inherit the initial morphology of ZnO nanostructures. For example, polycrystal ZIF-8 thin film can be fabricated by converting ZnO layer grown either by atomic layer deposition (ALD) or sputtering. [10] By combining metal oxide vapor deposition and consecutive vapor solid reaction, ZIF-8 thin films with high quality can be deposited directly. [11] Based on the compact ZIF-8 films, traditional top-down micro-and nanofabrication techniques (such as standard photolithography [12] and nanoimprint lithography [13] ) can be employed to pattern the ZIF-8 crystals in a regular manner. However, ZIF-8 structures fabricated using those lithography techniques are normally in colloidal forms aggregated by multiple ZIF-8 crystals [12, 13] and the critical dimension is normally in micrometer scale, which is determined intrinsically by diffraction resolution limit.
It has been shown that, by integrating ZIF-8 nanofilms with plasmonic materials, e.g.
gold or silver nanostructures, the plasmonic adsorption can be modulated and thereby realizing a photochemical sensor. [14] A more recent work [15] demonstrated the large optical nonlinearity of ZIF-8 material, making it a promising candidate for many emerging optical applications. In this paper, we explored the resonant optical properties of wafer-based isolated ZIF-8 crystals at nanoscale dimensions. The ZIF-8 structures were converted from ZnO films deposited using ALD, and gold nanoparticles (Au NPs) were used to confine the crystallization of ZIF-8 structures, thus in a way "patterning" the ZIF-8 structures and thereby resulting in isolated ZIF-8 nanocrystals. The smallest size of the fabricated ZIF-8 crystals can be scaled down to ~100 nm with well-defined rhombohedral or rhombic dodecahedron morphologies. The synthesized ZIF-8 nanocrystals exhibited broadband scattering resonances in visible wavelengths, which gave prominent structural colors. Besides, an evident redshift of structural colors was observed when the sizes of single ZIF-8 nanocrystals increase. Such size-dependent resonant scattering behavior is of central importance for the applications in nanophotonics and bionanotechnology. [16] [17] [18] [19] [20] By presenting a facile fabrication method of wafer-based ZIF-8 nanocrystals and revealing their fundamental light scattering properties, we believe our work can provide new possibilities for dielectric ZIF-8 nanostructures functionalized with favorable optical properties. Here, the size of ZIF-8 nanocrystals is defined as the side length in our discussions and following simulations. The surface and cross section morphology of ZIF-8 colloidal film was directly mapped with atomic force microscopy (AFM, Figure S1b , Supporting Information) and SEM ( Figure S2b , Supporting Information). The transformation from the pristine ZnO to ZIF-8 colloidal film was also confirmed by both surface sensitive X-ray photoelectron spectroscopy (XPS) element analysis ( Figure S3 , Supporting Information) and energy dispersive X-ray spectroscopy (EDX) measurements ( Figure S2c , Supporting Information).
Results and discussion
The XPS results suggest the existence of carbonates and water/hydroxyl groups on the film surface, and the EDX spectra verify the existence of carbon and nitrogen elements in the converted sample. The elemental analysis is in good agreement with previous studies.
[ 21] When Au NPs with different concentrations (20, 40 , and 60 vol. %) were pre-dispersed on This variation of size distribution of ZIF-8 nanocrystals is related to surface nucleation and spreading growth process. [22] The interaction between ZnO film and solvents facilitates the deprotonation of MeIm ligands and thus reduces the pH value in solution. [23] The solvated zinc ions, together with MeIm -are two basic monomeric building units, which will be added sequentially in a metastable manner and crystallize into an enclosed framework structure.
When the citrate stabilized Au NPs are introduced, the hydrogen bond donation (HBD) ability inside the solvent is limited, which prevents the coordination between Q3 Zn 2+ and nitrogen from imidazole groups. Thus the crystallization of ZIF-8 is inhibited where Au NPs are present, and the nucleation and spreading process are confined in specific regions, where the influence of Au NPs is less pronounced. The particle size distributions show a clear defocusing trend with the increasing of Au NPs concentration ( Figure 3a ). This nonuniform size distribution can be explained by a focusing of size distribution in the early stage of crystal growth, followed by defocusing of size distributions caused by the further growth of larger ZIF-8 crystals in later stage. [24] In our experiments, the crystal growth and coalescence processes are confined by Au NPs, which "define" the sizes of ZIF-8 nanocrystals. Since the Au NPs were manually dispersed on the ZnO film, the particle distribution is not perfectly uniform, which affects the growth of ZIF-8 nanocrystals and results in a dispersive size , and a size of sub-100 nm could be achieved ( Figure   4c ). The crystallization of ZIF-8 crystals starts with a higher growth rate on {111} crystalline planes as compared with {110} and {100} planes, thus giving a cubic shape exposed with {100} facets. Then the growth rate on {100} planes dominates on the other two planes, resulting in the transformation from the initial cubic form into two-fold symmetric rhombic dodecahedra structures with a higher thermal stability. [24, 25] Since ZnO layer deposited by ALD is polycrystalline, some clusters of ZIF-8 crystals could also be found ( To fully analyze the progressive color evolution with the crystal size, we performed finite-difference time-domain (FDTD) simulations to calculate the optical response of individual ZIF-8 nanocrystals (Figure 6) . A total-field scattered-field (TSFS) method was exploited to reduce computation effort and provide both near field profiles and far-field scattering spectra. A refractive index of 1.59 was adopted for ZIF-8 nanocrystals in our simulation. [15, 26] Scattering response of rhombic dodecahedral and cubic nanocrystals are studied with different side lengths ranging from 300 to 800 nm. We would like to note that these two shapes are intended to be chosen because the fabricated ZIF-8 crystals actually possess transitional morphologies between them. Given the high rotational symmetry of these two shapes, only specific orientations are considered for simplicity, as shown in Figure 6a . In Figure 6b ,e, scattering efficiency Qscat is defined as the ratio of the scattering cross section to the geometric cross section. When Qscat > 1, it indicates an enhanced scattering process induced by an efficient light-matter interaction. This enhanced scattering phenomenon can be found in most spectral regions of ZIF-8 nanocrystals with sizes larger than 300 nm, covering the entire visible range. Substantial red shifts can also be readily seen in these scattering spectra with increasing crystal size, which is in good accordance with the above experimental observations. Given the practical constrains of our facilities to directly measure the dark-field spectra of individual ZIF-8 nanocrystals, we in turn performed proof-of-principle experiment to measure the collective response of a certain range of ZIF-8 crystals with relatively uniform size. Reflection and transmission spectra were measured by using ellipsometry and linear spectroscopy respectively, as shown in Figure S10 . Due to the spatial resolution of the incident beam size, all these spectra reflect the collective response of a cluster of ZIF-8 crystals. The variations on particle size, orientations and morphologies of the crystals would largely broaden the spectra, thereby leading to only one pronounced peak that can be readily seen. Nevertheless, all measured spectra show clear optical resonances in the UV-visible range and substantial size dependence, confirming the tunability of structural colors produced by the ZIF-8 crystals.
It is also worth mentioning that, whereas scattering and associated colors are conventional optical phenomenon for many nanoparticles, they are also one of the most fundamental and significant physical processes which can provide an effective measure to investigate the fundamental optical properties of nanomaterials. Scattering behaviors of nanoparticles have thus simulated the development of a diverse set of applications ranging from biosensing and thermos-therapy to optical antennas and information storage [16] [17] [18] [19] [20] [27] [28] [29] [30] .
During the past decades, the physics of light scattering by subwavelength nanoparticles were commonly associated with Rayleigh scattering or surface-plasmon interactions supported by metallic materials such as gold or silver. For non-metallic nanoparticles, it is only until very recently that people started to investigate their scattering properties and relevant optical resonances [28] . A multitude of intriguing scattering properties of various dielectric nanoparticles have been unveiled, opening up unique possibilities for many novel applications such as color filtering, color printing and quantum information technology [29, 30] . In this context, Mie theory [27] provides a fundamental physical framework to understand the size- enhanced Raman spectroscopy and Huygens metasurfaces. [31] [32] [33] Differently, at the second scattering peak (λ2 = 680 nm), higher-order electric and magnetic multipolar responses can be seen with more complicated field distributions. The electric standing wave and two separate magnetic maxima imply the excitation of a hybrid Fabry-Perot-Mie resonance. [34, 35] Similar electric and magnetic-type Mie resonances are also possessed by the cubic nanocrystals (Figure 6d -f), with relatively smaller magnitudes and blue-shifted spectra. We also plot two-dimensional maps of the scattering efficiency as a function of the incident wavelength and the crystal size for both morphological nanocrystals (see Figure S11 , Supporting Information). The scattering peak wavelengths exhibit a linear red-shift tendency with respect to the increasing crystal size. Given the wide range of the crystal size that we can obtain, we may expect that the intriguing scattering resonances of the ZIF-8 crystals can be further extended from the visible spectrum to the infrared region. The influence of the incident polarization is additionally studied. As shown in Figure S12 , Supporting Information, there is only a slight difference between two orthogonal polarizations due to the highrotational symmetry of the synthesized crystals.
The presented structural color and the fascinating scattering properties provide a credible new pathway for ZIF-8 crystals to be used in a range of nanophotonic applications. For example, the broadband and efficient light-matter interactions and the induced optical magnetism make the ZIF-8 a promising low-index optical material that can be applied in the visible metasurfaces and planar optics. [36] [37] [38] [39] It is also worth re-emphasizing the significant chemical features of ZIF-8 material, including thermal stability, chemical tolerability and selective-sorption properties. We believe that the combination of such remarkable chemical properties and its unique optical characteristics can further bring entirely novel and unexplored possibilities in a diverse set of interdisciplinary applications such as photochemical catalysis, chemical sensing and spectral imaging.
Conclusions
In summary, we have demonstrated a wafer based fabrication method for isolated ZIF-8 nanocrystals, and the zinc source was provided by zinc oxide thin film deposited by ALD. To 
Experimental Section
Deposition of ZnO film: ZnO films were deposited with a thermal ALD system (Picosun R200). The substrates used were (100) silicon wafers (100 mm, single side polished, with native oxide) or fused silica wafers (100 mm, double side polished). The layer by layer ALD was realized by subsequently applying two precursors -diethylzinc (Zn(C2H5)2, DEZ) and deionized water, with a carrier gas (N2) flow of 150 sccm and 200 sccm, respectively. The pulse times of both precursors were 0.1 s, the purge time for water was 0.5 s, while the purge time for DEZ was set to be 20 s to remove any reaction byproducts and unreacted precursors.
Since a low deposition temperature can give better structural and optical qualities of ZnO thin film, [40] the reaction temperature was set to be 200 ˚C, under which the deposition rate was suggested to be 0.15 nm/cycle. [41] Conversion 
Distribution analysis of dispensed Au NPs
Since it is difficult to have an accurate size control of the Au NPs by dispensing, during our experiments, the distribution of Au NPs was analyzed with SEM and image processing before solvthermal reactions, and several procedures were taken to avoid nonuniformity of Au
NPs, e.g. the samples were cleaved into small chips of around 1cm by 1cm, so the dispensed solution can spread over the whole surface of the chip, and nonuniformity caused by coffee ring effect could be avoided, since the edge of the dried region is outside of chip edge. The concentration of Au NPs we used was also not too high, otherwise the Au NPs will form into coilloid, and the distribution is not uniform.
Here we will give a detailed discussion of Au NPs distribution. Since Au NPs can give strong signals under secondary electron detectors on SEM, thus a good contrast between Au
NPs and ZnO substrate can be achieved, after image processing, we can filter the signals from
ZnO substrate ( Figure S6a-b) , and the fast fourier transform image suggests a random distribution of Au NPs (inset in Figure S6b ). If we study the distribution of Au NPs in x-and y-directions, it also suggests a normal distribution of Au NPs in both directions ( Figure S6c ).
By applying the image processing strategy, we can easily calculate the coverage percent of Au NPs on the substrate, when the concentration of Au NPs is changed. It can be seen, that the coverage percent increases linearly when the volume percent increases from 20% to 60%, however, we need to be careful that when the concentration of Au NPs is too high, isolated
Au NPs start to form into colloids, and the distribution is thus not uniform anymore ( Figure   S6d -e). Thus in our experiments, the samples were always checked first with SEM and analyzed with this image processing procedure.
Reflection and transmission spectra of ZIF-8 nanocrystals
To prove the size dependent structural colors of ZIF-8 nanocrystals, we chose the regions of ZIF-8 crystals with relatively uniform colors under dark-field optical microscope (as shown below in Figure S10 a-c), and measured the reflection and transmission spectra with ellipsometry and UV-visible spectroscopy correspondingly.
The reflection spectrum was measured by Ellipsometry (Ellipsometer VASE) as in figure S10d,e, with incident angle of 50 degrees. From the spectrum, we can see the "red- From the spectra, it can be seen the existence of nitrogen and carbon after solvothermal transformation, which is not present on the initial ZnO thin film. Besides, the peak positions of Zn, carbon and oxygen are all shifted due to a change of chemical bond connections. The increasing fluorine peak is due to the containers for samples, which is well known to give fluorine contained contaminants. 
